Abstract Local alpha-band synchronization has been associated with both cortical idling and active inhibition. Recent evidence, however, suggests that long-range alpha synchronization increases functional coupling between cortical regions. We demonstrate increased long-range alpha and beta band phase synchronization during shortterm memory retention in children 6-10 years of age. Furthermore, whereas alpha-band synchronization between posterior cortex and other regions is increased during retention, local alpha-band synchronization over posterior cortex is reduced. This constitutes a functional dissociation for alpha synchronization across local and long-range cortical scales. We interpret long-range synchronization as reflecting functional integration within a network of frontal and visual cortical regions. Local desynchronization of alpha rhythms over posterior cortex, conversely, likely arises because of increased engagement of visual cortex during retention.
Introduction
Synchronization of local alpha rhythms has been associated with cortical idling and inhibition of processing, whereas engagement of a cortical region typically yields local alpha desynchronization (see Klimesch et al. 2007; Pfurtscheller et al. 1996 for reviews). Tasks such as the retention of visual information in short-term memory (STM) and working memory entail paradoxical predictions about local alpha synchronization in visual cortex as (1) active processing in visual cortex is required for retention, suggesting local alpha desynchronization, and (2) successful retention of a memory trace may require inhibition of potentially disruptive incoming visual information, suggesting local alpha synchronization similar to that which is observed when attention is allocated away from the visual modality Foxe et al. 1998; Fu et al. 2001) or away from one visual hemifield (Thut et al. 2006; Sauseng et al. 2005a; Worden et al. 2000) . Accordingly, increased engagement of STM and working memory has been associated with local alpha-band synchronization (Busch and Herrmann 2003; Jensen et al. 2002; Jokisch and Jensen 2007; Schack and Klimesch 2002) , desynchronization (Gevins et al. 1997; Stipacek et al. 2003) or both synchronization and desynchronization (Krause et al. 2000; Sauseng et al. 2005b) . It has been shown that children aged 8-12 express load-dependent local alpha desynchronization during visual STM processing (Gomarus et al. 2006) . As research on the oscillatory mechanisms of visual STM retention in children is scarce, however, the role of longrange synchronization remains unexplored in this age group.
Recent evidence suggests that long-range alpha-band synchronization, rather than reflecting cortical idling or inhibition, increases functional coupling between brain regions (see Palva and Palva 2007 for review) . In this view, synchronously oscillating neural populations are able to consistently exchange burst of action potentials during the optimal phase of the receiving neurons' fluctuations in dendritic excitability, thereby increasing information exchange (see Fries 2005) . Neural synchronization thus functions to transiently increase functional connectivity within a distributed neural ensemble to instantiate a particular task, percept, or memory trace (Llinás and Ribary 1993; Varela et al. 2001; Ward 2003) . In the context of STM retention, this has been previously shown to manifest as alpha coherence between midline parietal and left temporal/parietal electrodes (Payne and Kounios 2009) . A continuous arithmetic working memory task has also been associated with widespread long-range alpha-band synchronization in adults (Palva et al. 2005) . Such results suggest a functional dissociation across cortical scales for alpha rhythms wherein long-range synchronization within a network of cortical regions establishes a large-scale neural ensemble to maintain information in STM, while local desynchronization reflects the active engagement of cortical regions. This leads to the hypothesis that the retention of visual information in STM will induce long-range alpha-band synchronization as a distributed assembly is recruited to represent the memory trace, whereas local alpha rhythms will become desynchronized as cortical regions become engaged in processing. The exact relationship between local and long-range taskdependent alpha synchronization, however, remains unclear. Palva et al. (2005) showed task-dependent increases in both local and long-range alpha synchronization. Conversely, visual recognition and sensory integration are associated with decreased local alpha synchronization and increased long-range alpha synchronization (Freunberger et al. 2008; Hummel and Gerloff 2005) . The present study aimed to investigate the role of long-range neural synchronization in STM retention in children and to examine the relationship between local and long-range alpha synchronization. To this end we recorded magnetoencephalographic (MEG) data while 17 children age 6-10 years performed a visual STM task and we analyzed local and long-range synchronization.
Methods

Subjects
Data were recorded from 17 normal healthy children aged 6-10 years (mean age 7.88; 10 females). All children had normal or corrected-to-normal vision and did not have any known neurological abnormalities. Vision was corrected, when necessary, using nonmagnetic Medigoggle system. Informed written consent was obtained from the parents of all children.
Task
Subjects lay supine and viewed stimuli projected onto a screen above them (40 cm from nasion). On each trial of the visual STM task subjects viewed the first stimulus (S1) for 1,000 ms, followed by a 900 ms delay period, followed by the presentation of the second stimulus (S2) which lasted 1,000 ms ( Fig. 1 ). Stimuli were adapted from Beery TM VMI (The Beery-Buktenica Developmental Test of Visual-Motor Integration 5th Edition, Ó 2004), with the permission of the publisher. Each stimulus pair consisted of geometric shapes composed of white lines on a black background and were surrounded by a box (10 cm; 14.25°v isual angle) which appeared and disappeared simultaneously with S1 and S2. During the 900 ms delay period the screen was black. Following the onset of S2 subjects were instructed to press one of two buttons on a response box to indicate whether S2 was the same as, or different from, S1. S2 was considered to be different from S1 if (1) it was a different size, (2) it had been rotated, or (3) part of the shape had been added or taken away. Subjects were instructed to respond as quickly and accurately as possible. To ensure that subjects remained engaged in the task responses were monitored online during recording. All trials were included in our analysis, regardless of whether or not a correct response was made. Following the offset of S2 a 1,700-2,000 ms intertrial interval occurred during which the screen was black. Each trial consisted of a unique shape pair. Trials were presented in random order across three blocks of 60 trials (50% same; 50% different). A brief rest period was given between each block. Prior to the experiment all subjects received training on the task in order to clarify the criteria for same and different shape pairs, to practice mapping the 'same' and 'different' responses to the appropriate buttons, and to become familiar with the task.
Data recording and analysis
Magnetoencephalographic data were digitized continuously at 1,200 Hz using a 151 channel MEG (CTF Systems, Burnaby, Canada) throughout task performance and stored for offline analysis. Coils were attached to subjects at the nasion and immediately anterior to the left and right ear. Each of these coils was energized at a specific narrowband frequency to provide a signature of head location throughout recording. To address the issue of measuring neural activity from sensors which might change positions relative to the head throughout the recording session, as well as across subjects, we corrected for head position. This was accomplished by computing dipole solutions to locate the position of each of the coils (indexed by their characteristic energized frequency). Data were then standardized in sensor space by computing an inverse solution, rotating it into alignment with a template location, and subsequently performing a forward solution (see Wilson et al. 2007 ). This procedure was performed 30 times per second. In this manner the sensor data were adjusted to reflect neural activation generated from a common head position, and the record of the energized coils was then removed from the MEG data using notch filters. Data epochs were then extracted from 2,100 ms before until 1,500 ms after the onset of the delay period. A principal components analysis (PCA) based procedure was used to reduce the influence of ocular and nonocular artifacts of the resulting time series (see Herdman and Cheyne 2009 ). This approach was chosen, rather than simply rejecting all epochs contaminated by artifacts, as the preservation of trials was paramount to our analysis approach because the small number of trials imposed by recording from a child population.
Due to computational limitations imposed by pairwise comparisons across multiple frequencies and data points, data were downsampled to 300 Hz. In order to image the topography of synchronization while avoiding combinatorial explosion entailed by pair-wise comparisons we selected 19 sensors, distributed roughly evenly about the head, on which to perform the synchronization analysis. This montage included the sensors LF11, RF11, LF32, RF32, LC14, RC14, L022, R022, L041, R041, LT21, RT21, LT42, RT42, L043, R043, ZF03, ZC03 and ZP02. The location of these sensors relative to the head is depicted in Fig. 2 .
Data were band-pass filtered digitally at 1 Hz intervals between 6 and 60 Hz (passband = f ± 0.05f, where f represents the filter frequency). Using algorithms in the MATLAB Signal Processing Toolbox we then calculated the analytic signal 1ðtÞ ¼ f ðtÞ þ if ðtÞ ¼ AðtÞe iuðtÞ of the filtered waveform for each epoch, f(t), wheref ðtÞ is the Hilbert transform of f(t) and i ¼ ffiffiffiffiffiffi ffi À1 p
, to obtain the instantaneous phase, /(t), and amplitude, A(t), at each sample point. Digital filtering and the Hilbert transform were performed on epoched data obtained from each subject. In order to avoid contamination by edge effects near the beginning and end of these data segments, analyzed epochs extended beyond the periods of interest (the baseline and retention interval), and data points at the beginning and end were discarded. Instantaneous amplitudes from this analysis represent the envelope of the filtered waveform. We interpreted these amplitudes as reflecting variations in local neural synchrony.
We measured long-range phase synchrony by calculating phase locking values (PLVs) for each subject. PLVs were obtained by comparing the instantaneous phases of the signals recorded by various pairs of sensors, for example, sensors j and k, at each point in time, t, across the N epochs available (Lachaux et al. 1999) : 
PLV is a real value between 0 (random phase difference, no phase locking) and 1 (constant phase difference, maximum phase locking).
To remove the record of ongoing synchrony unrelated to the task, we standardized PLVs and amplitudes relative to a baseline interval lasting from 500 ms prior to the onset of S1 until the onset of S1. This was done by subtracting the mean PLV for the baseline interval at a given frequency from the PLV for every data point at that frequency and dividing the difference by the standard deviation of PLV for the baseline interval at that frequency. The resulting index, PLV z , indicates standardized changes from the average baseline PLV at a given frequency in the direction of increased synchrony (positive values) or decreased synchrony (negative values). The same standardization was applied to the amplitude values.
To characterize the statistical reliability of changes in synchronization and desynchronization in MEG time series between pairs of sensors we obtained the distribution of PLVs using a bootstrapping procedure across subjects. A normal distribution was fit to 4096 bootstrapped PLVs for each time sample (which very closely approximate a normal distribution) in the baseline and active intervals. These distributions were then used to determine statistical confidence intervals for each time-frequency point. To provide protection against false positives we required that significant PLV values be sustained for at least ten consecutive data points (P \ 0.05). Additionally, if ten consecutive data points were detected as significant (P \ 0.05) in the baseline period the alpha level would be adjusted downward until ten consecutive data points were no longer detected during the baseline period, or until the Bonferroni corrected alpha level was reached (P \ 0.0000000001; a statistical threshold exceeding the level at which a false positive would be expected (P \ 0.05) across all analyzed time points, frequencies and sensor pairs). In this manner, we ensured that observed effects rose above a level of significance that could not be generated by false positives originating from multiple comparisons.
Results
Task performance
The subjects generally performed well on the task. Subject's responded correctly on 71.9% of trials (SD across subjects 12), incorrectly on 18.8% of trials (SD 8.6) and did not make a response on 9.3% of trials (SD 10.5). Subjects correct responses occurred with an average reaction time (RT) of 905 ms (SD across subjects 150 ms), and incorrect responses occurred with an RT of 826 ms (SD 182 ms), producing an average RT of 866 ms (SD 151 ms).
Neural synchrony during short-term memory retention Analysis of global long-range phase locking, assessed by averaging standardized PLV across all 171 analyzed sensor pairs for each time-frequency point during the retention period, revealed sustained increases the alpha and beta frequency bands (Fig. 3a) . Due to the prevalence of frontoposterior coupling in previous studies of STM and working memory retention (i.e. Sarnthein et al. 1998; Sauseng et al. 2005b ) we plotted the time-frequency distribution of frontoposterior phase locking. This was accomplished by averaging PLV across the 49 sensor pairs which included a frontal sensor (LF11, RF11, LF32, RF32, LT21, RT21, and ZF03) and a posterior sensor (LO22, RO22, LO41, RO41, LO43, RO43, ZP02). This revealed a pattern of effects similar to that found for global long-range phase locking but much more distinct and pronounced (Fig. 3b) , suggesting that frontoposterior synchronization was dominant in the generation of the global pattern.
The topography of long-range alpha-and beta-band phase synchronization during STM retention, together with corresponding amplitude changes, is presented in Fig. 3c . Long-range alpha-band synchronization was characterized by abundant frontoposterior connections. Bilateral sustained reductions in alpha-band amplitude were observed over posterior cortex and were most pronounced early during the retention interval. Increased frontocentral alpha amplitude was also observed and but peaked later in the retention interval. Long-range beta-band synchronization was also found to include considerable frontoposterior connections, but the topography of beta-band synchronization was more diffuse than was observed for alpha-band synchronization. Beta-band synchronization was not accompanied by distinct topographic amplitude changes (see Fig. 3c ).
Posterior cortex: local and long-range alpha-band synchronization Sustained increases in alpha-band phase locking were observed between sensors over posterior cortex (LO22, RO22, LO41, RO41, LO43, RO43, ZP02) and all other analyzed sensors throughout STM retention (Fig. 4a) . Alpha amplitude at posterior sensors, conversely, was found to be decreased during visual STM retention (Fig. 4b) . Posterior alpha amplitude decreases were also sustained throughout the retention interval. These results demonstrate a functional dissociation for alpha synchronization across cortical scales, as task-demands increased long-range synchrony between posterior cortex and other regions while local synchronization in posterior cortex was decreased. Both local alpha desynchronization over posterior cortex and long-range synchronization between posterior cortex and other cortical regions were most pronounced early in the retention interval. 
Discussion
Functional dissociation for alpha-band synchronization across scales
Our results constitute a functional dissociation for alphaband desynchronization across local and long-range cortical scales. We demonstrate local alpha-band desynchronization during visual STM retention, similar to results from previous studies conducted in adults (Gevins et al. 1997; Krause et al. 2000; Sauseng et al. 2005b; Stipacek et al. 2003 ) and children (Gomarus et al. 2006 ) examining alpha activity during the delay phase of STM and working memory tasks. The topography of our MEG results is also consistent with previous research showing load-dependent decreases in local alpha activity posterior cortex and loaddependent increases over frontocentral locations during working memory using both scalp electrodes (Krause et al. 2000; Sauseng et al. 2005b ) and intracranial electrodes (Meltzer et al. 2008) . We interpret the local posterior alpha desynchronization observed in our study as an index of task-dependent activation of visual cortex, consistent with the view that local alpha rhythms reflect cortical idling (Pfurtscheller et al. 1996) .
It remains unclear what differences in task demands account for the variability of alpha oscillatory responses during STM and working memory processing, as some previous studies conducted in adults have reported increases in local posterior alpha synchronization (Busch and Herrmann 2003; Jokisch and Jensen 2007; Jensen et al. 2002; Schack and Klimesch 2002) . Such inconsistencies may be due to the multidetermined nature of the alpha response. Recognition memory tasks, for example, have been shown to elicit both alpha increases and decreases which are related, at least in that context, to evoked and induced processes, respectively (Klimesch et al. 2000) . Local synchronization and desynchronization during working memory processing, moreover, can occur in distinct bandwidths within the alpha frequency range (Krause et al. 2000) . Differences between adults and children in local alpha desynchronization during memory retrieval have also been shown to be specific to narrow frequency ranges within the alpha-band (Krause et al. 2001) . Such results underline the need for future research into the component processes which give rise to the task-dependent changes in alpha oscillations recorded using EEG and MEG.
We demonstrate, in the presence of local alpha-band desynchronization over posterior cortex, increased alphaband phase synchronization between sensors over posterior cortex and those over other, widespread, cortical regions during STM retention. This result is consistent with the emerging view that long-distance synchronization in the alpha-band, as is the case for other frequency ranges, is associated with the formation of transient, task relevant, neural assemblies (see Palva and Palva 2007 for review) . In the context of STM retention this would imply that a largescale coalition of neurons synchronously oscillating in the alpha frequency range contributes to the maintenance of the memory trace. Such a role for long-range alpha synchronization would be quite different from that of locally synchronous alpha rhythms, which are thought to reflect cortical idling or inhibitory processes (see Klimesch et al. 2007; Pfurtscheller et al. 1996 for reviews). Further evidence for such a functional dissociation for alpha-band synchronization across cortical scales comes from the recent finding that attending to one side of the visual field increases long-range occipital-parietal alpha-band synchronization in the hemisphere contralateral to the attended hemifield, whereas alpha-band amplitude is increased in ipsilateral occipital cortex . Observations that sensory integration and visual recognition are associated with local desynchronization and longrange synchronization in the alpha-band (Freunberger et al. 2008; Hummel and Gerloff 2005) also lend credence to the notion that synchronization of alpha rhythms may play distinct roles at different cortical scales and may also fit very well with earlier reported co-activation of subsequent specific/nonspecific thalamocortical circuitry of gamma band activations required for the temporal binding of sensory input or ''content'' into long-range circuitry or ''context'' (Llinás and Ribary 1993) .
The results of the present study are similar to those of Sauseng et al. (2005b) , who showed using EEG in adults that alpha rhythms during the manipulation of visual information in working memory, relative to simple retention, were (1) reduced over occipital cortex, (2) increased over frontal cortex, and (3) displayed increased functional coupling between frontal and occipital areas. Palva et al. (2005) similarly showed in adults that long-range alpha synchronization was increased during the performance of a continuous arithmetic working memory task. Task-dependent long-range alpha synchronization in their study, however, also coincided with increased local alpha activity, highlighting the variability of alpha oscillatory responses across task demands. The complexity of the relationship between local and long-range synchronization of alpha rhythms is further underscored by our observation that long-range synchronization occurs between posterior cortex, which is locally desynchronized, and frontal cortex, which is locally synchronized (see also Sauseng et al. 2005b) . Local synchronization of alpha rhythms over frontal cortex also peaked after local posterior desynchronization in our data (see Fig. 3c ), indicating that these effects reflect signals from distinct sets of neural sources. This observation, together with the distances at which synchronizations are observed, confirm that the patterns of synchronization reported here are not artefactual. The distributed lead fields of the axial gradiometers, however, leave open the possibility that synchronization between nearby sensors may have occurred because of the detection of a single oscillating source at both locations, highlighting the importance of future research investigating connectivity between localized cortical sources (see Schoffelen and Gross 2009) .
We interpret the sustained long-range alpha-band synchronization observed in our study as a mechanism for maintaining memory traces during STM retention. Recent research has also implicated long-range alpha-band synchronization in other memory processes. Large differences in the topography of long-range alpha-band synchronization were observed during the encoding of abstract, relative to concrete, spoken words (Schack et al. 2003) . Mima et al. (2001) also demonstrated increased interhemispheric alpha-band coherence over visual cortex during object recognition. Interestingly, this study also reported decreased local alpha-band synchronization over visual cortex, suggesting that the inverse relationship between local and long-range synchronization may apply to alpha rhythms across a variety of memory processes. Using depth electrodes, it has been shown that the fusiform gyrus (a cortical region known to relevant to the visual processing of faces) became synchronized with other cortical regions during the recognition of a face, but not a nonface, stimulus (Klopp et al. 2000) . Kujala et al. (2006) showed alpha-band synchronization between a network of cortical areas and the cerebellum during semantic encoding. The presence of alpha-band synchronization across such an array of memory processes suggests that it could be relevant for the instantiation and activation of a Hebbian ensemble representing the memory trace. This outlook is consistent with general conceptions of the role of neural synchronization (Varela et al. 2001) and research on the role of neural oscillations and memory in other frequency ranges such as the gamma band (e.g. Miltner et al. 1999; Supp et al. 2007; see Jensen et al. 2007 for review).
Oscillatory dynamics during short-term memory retention in children
We uniquely demonstrate increased long-range alpha and beta band synchronization during STM retention in children age 6-10 years. These results are comparable to reports of increased long-range alpha and beta band synchronization during working memory processing (Palva et al. 2005 ) and increased beta-band synchrony between implanted cortical electrodes during STM retention (Tallon-Baudry et al. 2001) in adults. Palva et al. (2005) observed that increased longrange alpha and beta band phase synchronization was accompanied by abundant cross-frequency coupling between alpha and beta oscillations during working memory processing in adults, suggesting that the long-range alpha and beta band phase synchronization observed in the present study may reflect oscillatory mechanisms of STM retention that are interacting across frequency bands. We also reveal decreased alpha-band amplitude over posterior cortex and increased alpha-band amplitude over frontal cortex during STM retention in children. These findings parallel results from previous experiments conducted in adults, which have associated posterior decreases (Gevins et al. 1997; Krause et al. 2000; Sauseng et al. 2005b; Stipacek et al. 2003 ) and frontal increases (Krause et al. 2000; Sauseng et al. 2005b) in local alpha activity with STM and working memory. Load-dependent decreases in local posterior alpha activity have also been previously demonstrated in children aged 8-12, consistent with our results (Gomarus et al. 2006 ). In our study, both local alpha amplitude changes and long-range alpha synchronization were already manifest at the onset of the STM retention interval. This most likely occurred because the children had already committed S1 to STM before the termination of stimulus presentation. Moreover, both local alpha desynchronization over posterior cortex and long-range synchronization between posterior cortex and other, widespread, cortical regions was most pronounced during the early phase of the retention interval. This may be due to the superposition of STM-related processes and responses relevant to the offset of a visual stimulus early during retention, whereas synchronization late in the retention interval is relevant only to STM-related processing.
While research on alpha oscillatory responses in children is scarce, several lines of evidence indicate that these mechanisms play an important role in cognitive development. Krause et al. (2001) demonstrated that children (mean age 12 years) exhibited less local alpha-band desynchronization during memory retrieval than adults. Children age 6-11 years have also been shown to differ from adults in the location and amplitude of alpha responses in an auditory oddball paradigm, and strikingly, the responses of the eldest children (age 10-11) were found to most similar to those of adults Kolev 1996, 1997) . The view that alpha mechanisms play a critical role in cognitive performance is supported by findings that individual visual STM spans are correlated with individual differences in the parameters of alpha oscillations (Maltseva and Maslobev 1997) and that resting alpha power is related to performance on both perceptual and memory tasks (Hanslmayr et al. 2005) . It also appears likely that alpha oscillatory mechanisms are relevant to healthy cognitive development. Decreased resting alpha oscillatory activity and increased theta rhythmicity, due to thalamic cell hyperpolarization and increased low-threshold calcium spike bursts, in conjunction with a widespread Exp Brain Res (2010) 201:719-727 725 and marked increase of power correlation among high and low frequency oscillations have been demonstrated as a thalamocortical dysrhythmia syndrome and are correlated to some neuropsychiatric positive symptoms (Llinás et al. 1999) . Altered patterns of alpha synchrony have also been associated with conditions such as ADHD and autism (Dockstader et al. 2008; Murias et al. 2007 ). Such findings suggest that increased understanding of how alpha oscillations develop during childhood may help to illuminate neural mechanisms of cognitive maturation and uncover specific alterations in neurocognitive processing underlying developmental conditions. A limitation of the present study is that no control condition was included in our experimental paradigm. The decision not to include a control condition was made because of the signal-to-noise ratio demands of phase synchronization analysis and the limited duration of challenging cognitive tasks that can be reliably performed by children 6-10 years of age. Without comparison to a control condition it is not possible to definitively relate the observed patterns of synchronization to STM processing only as there is no means to separate out activity relevant to other task demands such as attention. We believe that our results reflect oscillatory mechanisms of STM retention, however, due to the similarity of the observed topography of amplitude changes to previous studies of STM and working memory processing in adults (Gevins et al. 1997; Krause et al. 2000; Sauseng et al. 2005b; Stipacek et al. 2003 ) and children (Gomarus et al. 2006 ). In addition, load-dependent long-range synchronization effects comparable to ours have also been observed during working memory processing in adults (Palva et al. 2005) .
